Abstract The esophageal submucosal glands (SMG) protect the squamous epithelium from insults such as gastroesophageal reflux disease by secreting mucins and bicarbonate. We have observed metaplastic changes within the SMG acini that we have termed oncocytic glandular metaplasia (OGM), and necrotizing sialometaplasia-like change (NSMLC). The aim of this study is to evaluate the associated clinicopathological parameters of, and to phenotypically characterize the SMG metaplasias. Esophagectomy specimens were retrospectively assessed on hematoxylin and eosin sections and assigned to either a Barrett's esophagus (BE) or non-BE control group. Clinicopathologic data was collected, and univariate analysis and multivariate logistic regression models were performed to assess the adjusted associations with NSMLC and OGM. Selected cases of SMG metaplasia were characterized. SMG were present in 82 esophagi that met inclusion criteria. On univariate analysis, NSMLC was associated with BE (p= 0.002). There was no relationship between NSMLC and patient age, sex, tumor size, or treatment history. OGM was associated with BE (p=0.031). No relationship was found between OGM and patient age, sex, or tumor size. On multivariate analysis, BE was independently associated with NSMLC (odds ratio [OR] 4.95, p=0.003). Treatment history was also independently associated with OGM (p=0.029), but not NSMLC. Both NSMLC and OGM were non-mucinous ductal type epithelia retaining a p63-smooth muscle actin copositive myoepithelial cell layer. NSMLC and OGM were present in endoscopic mucosal resection specimens. Our study suggests that SMG metaplasia is primarily a reflux-induced pathology. NSMLC may pose diagnostic dilemmas in resection specimens or when only partially represented in mucosal biopsies or endoscopic resection specimens.
Introduction
Gastroesophageal reflux disease (GERD) is a common chronic condition where the gastric contents repeatedly enter into the esophageal lumen [1] [2] [3] [4] [5] [6] . Noteworthy complications from GERD include reflux esophagitis, mucosal erosions and ulcerations, stricture formation, and Barrett's esophagus (BE) [7-9, 2, 10, 6, 11] . The contributing factors that lead to progressive development of GERD complications are controversial and poorly defined [12-15, 2, 16-21] .
The esophageal submucosal glands (SMG) are tubuloacinar glands that are distributed throughout the length of the esophagus and cluster around the upper and lower esophageal sphincters [22, 23] . The SMG secrete a complex fluid that is rich in mucins and bicarbonate ions, and also contains transforming growth factor alpha, prostaglandin E2, and epidermal growth factor, which together function in luminal clearance and provide a pre-epithelial defense mechanism from insults such as GERD [23] [24] [25] . The basal rate of bicarbonate ion secretion in human SMG increases 3 fold to 32 fold in response to luminal acidification [26] [27] [28] . Likewise, mucin secretion increases after exposure of the esophageal Electronic supplementary material The online version of this article (doi:10.1007/s00428-014-1590-x) contains supplementary material, which is available to authorized users. mucosa to acid and pepsin [29, 28] . This dynamic change in secretion of mucins and bicarbonate is evidence of the robust secretory capacity of the native esophageal mucosa and of the important role these secretions play in pre-epithelial defenses. Failure of these defenses are well documented in GERD patients and correspond to the progressive development of GERD complications [30, 23, 24, 29, 31, 32, 25] . The mechanism and histopathological correlate to this failure in preepithelial defenses are yet to be defined.
The minor salivary glands of the oral cavity and upper respiratory tract, which are histologically similar to the esophageal SMG, may undergo necrotizing sialometaplasia (NSM) [33] [34] [35] [36] [37] [38] [39] . In this process, the acini of the glands are infarcted and replaced by a squamous epithelium. In the oral cavity, the etiology of NSM is typically attributable to ischemia or traumatic vascular compromise [33, 34] . In animal models, ligation of the major salivary gland arterial supply produces infarction with subsequent squamous metaplasia of the acini that is histologically identical to NSM [40, 41] . In similar experiments, ligation of the excretory duct fails to produce the classic NSM pattern and indicates that duct obstruction is an unlikely cause of salivary gland NSM [41] .
We have observed metaplastic changes within the esophageal SMG acini that we have termed oncocytic glandular metaplasia (OGM), and necrotizing sialometaplasia-like change (NSMLC). We hypothesize that these metaplasias arise in association with reflux-induced pathology such as BE. The aim of this study is to evaluate the clinicopathological associations of metaplasia occurring in the esophageal SMG and to phenotypically characterize the metaplastic epithelia.
Materials and methods

Specimen selection and case review
Institutional review board approval was obtained prior to initiating the study. A retrospective case-control design was employed to study all esophagectomy cases performed between 2003 and 2011 that were retrievable from the pathology archives. Cases that did not have SMG apparent upon review were excluded from the study. Clinicopathologic parameters were recorded such as age and gender, clinical history of GERD, tumor size in cm, and TNM staging parameters. History of pre-esophagectomy treatment was tabulated as either chemotherapy and/or radiation therapy; surgical treatment/other treatment (i.e., endoscopic mucosal resection, Barrett's segment ablation, fundoplication, myotomy, or partial surgical resection); or untreated. Cases that received a combination of chemo/radiation and surgery were grouped with chemo/radiation/combined.
At the initiation of the study, the electronic medical records were thoroughly reviewed for a clinical or endoscopic history of BE and previous in house and outside pathology reports were reviewed in addition to reviewing the final esophagectomy specimen before assigning the case to a study group. Cases that could not be confidently classified to a group were excluded from the study. Formalin-fixed paraffin-embedded tissue sections routinely stained with hematoxylin and eosin were assessed for the presence of SMG, OGM, and NSMLC (see "Results" section for histopathological definitions). SMG involved by or adjacent to tumor were excluded from analysis to avoid tumor-induced changes of the SMG. SMG acini that had recognizable radiation-induced changes were also excluded from tabulation. To denote tumors arising outside of the anatomic esophagus and gastroesophageal junction (GE junction) as having no relevant mass effect within the esophagus a tumor size of 0, a grade and TNM stage of GX, TX, and NX were respectively assigned. Six pediatric autopsy cases that contained SMG were studied to confirm baseline histology. Additionally, endoscopic mucosal resection (EMR) specimens were evaluated for SMG metaplasia.
Statistical analysis
Student's t test and Fisher's exact test were used to compare the study groups. The potential confounding variables assessed were age, sex, tumor size (cm), and treatment history. T stage was excluded from analysis due to the strong relationship with tumor size. The univariate association of each variable with each outcome, NSMLC and OGM, was assessed using the chi-squared test and ANOVA. Multivariate logistic regression models were run including BE, and the remaining covariates were entered subject to a backward variable selection method with an alpha=0.25 removal criteria from the model. The significance level was set as 0.05. Semiquantitative scores from the immunohistochemical and histochemical stains were compared by Student's t test. The analysis was performed using SAS 9.3 (SAS Institute, Cary, NC).
Immunohistochemical and histochemical stains
Antibodies to CK19, p63, smooth muscle actin (SMA) [42] and Ki67 (MIB-1) were used in the dilutions shown in the Supplemental tables. The Bond Polymer Refine Detection Kit (using a DAB chromogen; Leica Microsystems, Bannockburn, IL) was used as a secondary visualization system. All immunohistochemistry were routinely performed with defined protocols performed on the Leica Bond Maxx III automated system and counterstained with hematoxylin. For Alcian Blue-PAS staining, slides were deparaffinized, stained in Alcian Blue (pH 2.5) for 30 minutes then 1 % periodic acid for 5 minutes, and followed by Schiff reagent for 15 minutes at room temperature. The slides were counter stained with Nuclear Fast Red (Sigma-Aldrich, St. Louis, MO). The immunohistochemical and histochemical stains were qualitatively analyzed due to the focal nature of the SMG. Semiquantitative scoring of the histochemical and immunohistochemical stains were undertaken on a per foci basis utilizing the following scoring system: 0-no staining/ negative, 1-weak/focal staining, 2-strong focal/patchy staining, 3-strong diffuse staining.
Results
Definition and distribution of metaplastic changes occurring within the esophageal submucosal glands Upon evaluation of the six pediatric autopsy cases, appreciable metaplastic changes within the SMG were not present. Normal glands were those composed of mucinous acinar cells arranged in lobules with a centrally to eccentrically located excretory duct (Fig. 1a, b ). This was similar to the normal adult SMG morphology that has previously been defined [23, 22] .
Two types of metaplastic change were repeatedly identified in the SMG. Necrotizing sialometaplasia-like change (NSMLC) was defined as the replacement of acini with duct-like structures composed of a single layer of flat to cuboidal epithelium that displays dilation/ ectasia. True stratified squamous epithelium was rare but was identified on occasion. Cytologically, the nuclei were condensed, round to oval, and basally located. The change replaced the majority of acini or prominently occupied a lobule. The metaplastic ductal structures were accompanied by an increase in chronic inflammatory cells, and reactive lymphoid follicles could occasionally be found. The basement membranes were often thickened. The SMG stroma exhibited fibrosis and sometimes desmoplasia-like changes. An acute necrotizing phase, an organizing phase, and the stable NSMLC phase could be recognized (Fig. 1d, f) . In the necrotizing phase, the acini are destroyed and an acute inflammatory reaction is found along with reactive stratified ductules. Organization can be recognized by a predominant histiocytic mononuclear cell infiltrate surrounding the ectatic ductules (not shown). The stable phase is characterized by the ectatic ductules that have replaced either a portion of or the entire SMG lobule accompanied by varying degrees of chronic inflammation and stromal fibrosis. NSMLC was observed underlying the gastroesophageal junction, normal squamous epithelium, areas of erosive esophagitis, ulcerations, and segments of intestinal metaplasia (IM) (Fig. 2a-d) . Most cases exhibited focal NSMLC but many demonstrated extensive NSMLC throughout the sampled tissue.
Second, oncocytic glandular metaplasia (OGM) has previously been described in relation to intramural pseudodiverticulosis [43] . We have defined OGM as replacement of the SMG acini by oncocytes, cells having abundant granular eosinophilic cytoplasm and a condensed round centrally to apically located nucleus (Fig. 1c) . OGM was focal or extensive, occurring under intact squamous or intestinalized epithelium and an associated chronic inflammatory infiltrate sometimes accompanied OGM.
Clinicopathological characteristics of the esophagectomy study group An initial group of 115 esophagectomy cases were reviewed. Of the 115 cases, 84 cases had SMG present and 31 cases were excluded due to no SMG being present for evaluation. Of the 84 cases with SMG present, 82 could be confidently assigned to a study group. It was not possible to determine if the patient carried a history of BE due to a lack of clinical history in two cases, and therefore, the cases were excluded due to inadequate information to confidently assign the case to a study group (see Supplemental Fig. S1 ). Statistical analysis was performed with 82 cases of the original 115 (71 %), and the clinicopathological characteristics of these cases are displayed in Table 1 (and Supplemental  tables) . There were no statistically significant differences between the non-BE control group and the BE group in preoperative treatment history or tumor size. There were statistically significant differences between the study groups for patient age and sex (see Table 1 ). The indications for the 82 esophagectomy cases are as follows: adenocarcinoma 43 (52 %), laryngeal squamous cell carcinoma 9 (11 %), esophageal squamous cell carcinoma 9 (11 %), achalasia 5 (6 %), high grade columnar dysplasia arising in a background of Barrett's esophagus 4 (5 %), stricture 3 (4 %), hiatal hernia 2 (2 %), incompetent lower esophageal sphincter 1 (1 %), fistula 1 (1 %), gastrointestinal stromal tumor 1 (1 %), melanoma 1 (1 %), metastatic lung carcinoma 1 (1 %), erosion 1 (1 %), and perforation 1 (1 %). There were a total of 18 cases of adenocarcinoma or high grade columnar dysplasia occurring at the GE junction. Of these, 12 cases were assigned to the BE group and six were assigned to the non-BE control group.
The majority of NSMLC was found in esophagectomy cases performed for adenocarcinoma. However, NSMLC was found in two of four cases of BE related high grade columnar dysplasia and in four BE cases where the primary tumor was non-BE related (squamous cell carcinomas [n=3] and metastatic melanoma [n=1]). The indication for esophagectomy in the non-BE control group was more heterogeneous. In the non-BE control group, NSMLC was found in eight cases; three in patients with documented clinical history of GERD and four in patients with achalasia (three of which had undergone myotomy).
Clinicopathological parameters associated with metaplasia of the submucosal glands Univariate and multivariate analyses were performed utilizing the 82 cases that contained SMG. The characteristics of these cases are displayed in the Supplemental tables.
NSMLC was found in 33 (40 %) of total cases, 8 (22 %) of the non-BE controls, and in 25 (56 %) of BE cases. OGM was found in 44 (54 %) of the total cases, 15 (41 %) of non-BE controls, and in 29 (64 %) of the BE cases. On univariate analysis (Table 2) , BE was associated with both NSMLC and OGM. There was no relationship between NSMLC and patient age, sex, tumor size, or treatment history. OGM was negatively associated with a history of treatment. No relationship was found between OGM and patient age, sex, or tumor size. On multivariate analysis (Table 3 ; Supplemental tables) BE was strongly associated with NSMLC but not OGM. History of treatment was not significantly associated with NSMLC, but a history of chemo/radiation/combined (OR 0.28, p= 0.018) and surgery/other (OR 0.27, p=0.043) were both negatively associated with OGM compared to no treatment.
Evaluation of endoscopic mucosal resection specimens
In addition to reviewing esophagectomy specimens for SMG metaplasia, we evaluated EMR specimens. Of the 25 EMR cases evaluated, 9 (36 %) cases had SMG present (Supplemental Table S5 ). NSMLC was present in 5/9 (56 %), and OGM was present in 6/9 (67 %). These cases were not included in the detailed clinicopathological analysis.
Phenotype of the submucosal gland metaplasia
To characterize the differentiation of the metaplastic cell types, a panel of immunohistochemical and histochemical markers was performed in a subset of cases ( Fig. 3 ; Table 4 ). The normal SMG phenotype has previously been defined [42] .
In general, the epithelia of the metaplastic SMG had statistically significant decreases in staining intensity of SMA and AB-PAS, and statistically significant increases in staining intensity of CK19 and MIB-1 (Table 4) . NSMLC demonstrated strong CK19 expression with no mucin detectable by Alcian Blue-PAS staining and consistent nuclear MIB-1 labeling. The lobules demonstrated an SMA-p63 copositive myoepithelial cell layer on immunohistochemistry. The oncocytes of OGM displayed a similar profile to NSMLC but with fewer MIB-1 positive cells (Fig. 3) .
Discussion
The data presented here indicate that the esophageal SMG undergo metaplasia in Barrett's esophagus. Specifically, we have recognized a process resembling necrotizing sialometaplasia (NSM) of the oral cavity minor salivary glands [34] , hence the term necrotizing sialometaplasia-like change. BE was strongly associated with NSMLC on univariate and multivariate analysis. NSMLC was mostly observed underlying normal squamous epithelium and segments of IM in patients with BE. OGM is associated with BE on univariate analysis, but this association does not hold on multivariate analysis. Evaluation of EMR specimens confirmed the presence of these lesions in this specimen type at a comparable frequency to the esophagectomy specimens. Furthermore, our data did not find a statistical relationship between tumor size, patient age, or a history of pre-esophagectomy treatment and NSMLC; thus, confounding factors such as mass effect or effects from chemotherapy, radiation, or surgical manipulation are unlikely to contribute to the development of NSMLC. Interestingly, OGM was found to be negatively associated with a history of treatment. Although we designed our inclusion and exclusion criteria so that we could accurately assign cases to a study group (Supplemental Fig. S1 ), it is not impossible for an intestinalized segment of esophagus to have been destroyed by the invasive tumor at the GE junction and be inaccurately assigned to the non-BE control group. However, only six cases of adenocarcinoma occurring at the GE junction were assigned to the non-BE control group, and therefore, this scenario is unlikely to introduce a significant amount error into the study. Likewise, all of the 12 BE group cases with adenocarcinoma or high grade columnar dysplasia occurring at the GE junction could be confidently assigned to this study group due to the presence of intestinal metaplasia within the tubular esophagus or a documented history of BE.
The phenotypic characteristics of NSMLC are that of ductal epithelium with a myoepithelial cell layer (Table 4) . This fact may be helpful in resection specimens where NSMLC may mimic squamous cell carcinoma or adenocarcinoma and pose diagnostic dilemmas in assessing tumor involvement of the submucosa or at margins of resection. In these instances, NSMLC can be distinguished due to its lobular architecture or with immunohistochemistry for myoepithelial markers. NSMLC was found in several EMR specimens and may pose a diagnostic difficulty in this context as well. Another diagnostic issue may arise in mucosal biopsies or endoscopic mucosal resections in which partial sampling of the submucosa yields only the necrotizing phase of NSMLC with epithelial cells floating in extravasated mucin, a scenario mimicking mucinous adenocarcinoma. Pathologists aware of the phases of NSMLC may avoid these potential diagnostic pitfalls.
The distribution of where NSMLC occurs offers insights into its etiology. NSMLC can be observed under segments of intestinal metaplasia and normal squamous epithelium in BE patients, underlying segments of reflux esophagitis, and at the gastroesophageal junction in patients with GERD. These findings suggest that NSMLC is due to reflux and not necessarily a direct effect of Barrett's esophagus. Furthermore, an association between oral NSM and bulimia is emerging [44] [45] [46] [47] , and lends support to a relationship between acidic refluxate and tubuloacinar gland necrosis.
The physiological implications of NSMLC are clear: destroying the SMG acini would decrease the intrinsic secretory capacity of the esophagus. Hence, our findings can be regarded as a putative explanation for the impaired mucosal secretory capacity found in GERD patients. As such, we propose that GERD impairs pre-epithelial defenses via destruction of the submucosal glands, which may contribute to the progressive development of GERD complications such as BE.
In summary, our data indicates that BE is strongly associated with NSMLC. Our study suggests that NSMLC is the result of reflux-induced pathology. NSMLC may pose diagnostic challenges in esophagectomy specimens, endoscopic mucosal resections, or mucosal biopsies that incompletely sample the submucosa.
